Abstract. Triatoma infestans and Panstrongylus megistus are relevant Chagas disease vectors. An apparent segregation among these triatomine species inside human households was suggested to rely on mutual repellence between them. However, P. megistus and T. infestans show aggregation responses to chemical signals emitted by the other species. These findings do not rule out the possibility that stimuli other than chemical signals could mediate repellence when these species exploit shelters simultaneously. In the present study, we investigated how P. megistus and T. infestans exploit shelters in controlled laboratory conditions and how insect density and environmental illumination modulate this behavior. We evaluated whether these species aggregate inside shelters or mutually repel each other. Panstrongylus megistus and T. infestans show specific patterns of shelter exploitation, which are differentially affected by insect density and environment illumination. In particular, P. megistus is more sensitive to insect density than T. infestans, whereas T. infestans shows higher sensitivity to illumination than P. megistus. Nevertheless, these species exploit shelters randomly without any apparent repellence.
INTRODUCTION
Triatoma infestans (Klug, 1834) is the most widespread domestic vector of Chagas disease in the southern cone of South America. 1 It is also considered the main vector of Trypanosoma cruzi for humans. 1 This species apparently originates from two areas: the Bolivian Andes, where sylvatic foci have been found consistently, and the Dry Chaco area of Argentina, Bolivia, and Paraguay. [2] [3] [4] Triatoma infestans was apparently introduced in Brazil by human migration and it only occupies peridomiciliary and intradomiciliary ecotopes in this country. 5 Because of high densities of domiciliary infestation and prevalence of Chagas disease associated with this species, T. infestans was considered the most important triatomine vector in Brazil, although it is not autochthonous. With the expansion of the Vectorial Control Program implemented by the Supervision of Health Campaigns, Ministry of Health, Brasilia, Brazil, in the early 1980s, this species was then eliminated from vast areas of the country. 6 The current epidemiologic situation regarding Chagas disease indicates that Panstrongylus megistus (Burmeister, 1835) is one of the most important vector species in Brazil. Insects of this species can be found in sylvatic or domestic environments throughout their domain area, and they exhibit two types of behavior. In preserved forest areas, insects do not tend to invade artificial ecotopes. 7, 8 However, in areas where the sylvatic environment has been highly degraded, they are found mostly in domiciliary ecotopes. 9, 10 Studies on population diversity of P. megistus in different regions in Brazil reported distinct degrees of adaptation to domestic habitats. [11] [12] [13] [14] [15] In northeastern states such as Bahia, P. megistus is well adapted to domestic habitats, but its presence in sylvatic foci has not been proven. 11, 12 However, in southeastern states, it can be found in sylvatic and domestic habitats. In southern states, P. megistus seemed to be predominantly sylvatic, 11, 12 but domestic infestation by this species has been reported. 16, 17 The distribution of T. infestans and P. megistus in Brazil overlapped to a large extent during the 1950s. Moreover, simultaneous colonization of human households by both species was reported during that time. 18 However, this co-habitation was not observed by other authors, who suggested that T. infestans did not share domestic ecotopes with autochthonous triatomines. 19 After the introduction of T. infestans into Brazil, domiciliary colonization by P. megistus was reduced, suggesting that T. infestans expelled P. megistus from domiciliary ecotopes. 20 The elimination of T. infestans 20 by insecticide spraying in southeastern states [21] [22] [23] apparently facilitated the process of domiciliary colonization by sylvatic P. megistus. A drastic decrease in T. infestans detection inside households led to a concomitant increase in the number of P. megistus captured at these ecotopes. 5 These epidemiologic data indicate that P. megistus competed at a disadvantage with T. infestans and suggest that T. infestans was better adapted to domiciliary ecotopes than P. megistus.
Triatoma infestans is more efficient than P. megistus in obtaining blood meals on non-anesthetized mice, possibly because it is more competent in avoiding host irritation. 24, 25 In addition, when T. sordida and T. infestans cohabitate under laboratory conditions, T. sordida become extinct after six months, whereas T. infestans are apparently not affected. 26 Because T. infestans obtains blood meals more efficiently than T. sordida, 26 a competitive process on the access to blood meals may help to explain why mixed populations of T. infestans and other species are not usually observed.
Species-specific chemical signals may also be responsible for the lack of simultaneous colonization by T. infestans and other species, but the literature on this subject is somewhat contradictory. Neves and Paulini 27 suggested that odors and feces of T. infestans, T. sordida, and P. megistus mediate repellence between insects of these species. However, Lorenzo and others 28 showed that aggregation signals emitted by dry excrement of T. infestans or T. sordida are capable of promoting cross-aggregation. Additionally, substances emitted by feces and cuticles of T. infestans and P. megistus promote interspecific aggregation responses. 29 Despite this extensive literature on the cohabitation patterns of different Chagas disease vectors, no studies have investigated whether T. infestans and P. megistus actually aggregate inside shelters or tend to repel each other. The choice and subsequent exploitation of shelters by triatomines is mediated by diverse stimuli and behaviors, such as negative phototaxis, positive thigmotaxis, preference for low relative humidity, and distinct chemical signals. [30] [31] [32] [33] [34] [35] Although interspecific responses to fecal and cuticular chemical signals between T. infestans and P. megistus is well documented, 29 whether other stimuli could be responsible for a mutual repellence process between cohabitating insects of these species is still unknown.
In the present study, we tested whether T. infestans and P. megistus repel each other when exploiting the same environment in which two shelters are available. We first compared specific patterns of shelter exploitation displayed by each species and analyzed how insect density and a light cycle affected them. We also evaluated whether insects of each species distribute homogeneously between two available shelters or tend to present exclusive aggregation in a single refuge. Finally, insects of both species were released together under the same conditions to test whether one species would induce a change in the pattern of shelter exploitation displayed by the other species.
MATERIALS AND METHODS
Insects. Panstrongylus megistus and T. infestans colonies originated from insects captured at domiciliary and peridomiciliary ecotopes in Minas Gerais State, Brazil. They were reared at the Laboratory of Triatomines and Chagas Disease Epidemiology (René Rachou Research Center, FIOCRUZ, Belo Horizonte, Brazil). Insects fed weekly on live chicken (Gallus gallus). Fifth instar larvae starved for seven days after ecdysis were used for all assays. Colonies were kept in a rearing chamber with controlled temperature and a 12:12 hour light: dark illumination regimen provided by artificial lights.
Effect of insect density. In this experiment, we evaluated whether insect density affects the proportion of insects that choose to stay inside shelters. Assays were performed separately for each species. The number of insects found inside and outside a shelter was recorded when 20, 40, 60, 80, or 100 insects of one of the species were released in the experimental arena.
A square glass arena with an area of 1 meter 2 was used for this experiment ( Figure 1A ). Its substratum was covered with Kraft paper and an artificial shelter was placed in the center of the arena ( Figure 1A ). The shelter ( Figure 1C ) consisted of a piece of corrugated cardboard (10 + 20 cm) folded in the middle to become a square (10 + 10 cm) with two lateral accesses and an inner cavity that was approximately 0.5 cm high. 33, 36 Assays were performed in a room at 25 AE 2 C and subjected to an artificial light cycle (12:12 hour light:dark) controlled by a timer clock. Each group of insects was released in the center of the arena two hours before the beginning of the dark phase. After four days, the shelter was carefully removed from the arena during the second hour of the light phase and the number of insects found inside and outside it was recorded.
Three replicates were carried out for each insect density (20, 40, 60, 80 , or 100 insects) and for each species. We applied two-way analysis of variance (ANOVA) (species versus density) to compare the mean proportion of insects outside the shelter. For each species, the mean proportion of insects found outside the shelter at different densities was compared by using one-way ANOVA. All variance analyses were followed by Tukey's multiple comparisons. Lastly, the mean proportion of insects outside the shelter was compared between both species for each density by using a t-test for independent samples.
Effect of illumination. To test whether a light cycle affects the use of shelters by each species, a group of P. megistus or T. infestans was kept inside the same experimental arena with a central shelter ( Figure 1A ) for three days in complete darkness. Assays were performed in a room at 25 AE 2 C. A group of 40 insects was released in the center of the arena and remained in this environment for the duration of the experiment. After the first two hours of the fourth day, the number of insects found inside and outside the shelter ( Figure 1C ) was recorded. The results were then compared with those of the preceding experiment, when 40 larvae were released under a 12:12 hour light:dark cycle.
Three replicate assays were performed for each species (P. megistus or T. infestans) and each treatment (light cycle or constant darkness). We performed t-tests for independent samples to analyze whether there was a significant difference between: 1) the mean number of T. infestans and P. megistus outside the shelter under the light cycle; 2) the mean number of T. infestans and P. megistus outside the shelter under constant darkness; and 3) the mean number of insects outside the shelter under the light cycle and under constant darkness for each species.
Aggregation or repellence between T. infestans and P. megistus. Experiment 1. This experiment determined whether P. megistus and T. infestans aggregate together and randomly inside shelters or if any repellence processes occur when insects of these species interact. The same arena with substratum covered with Kraft paper was used for these assays. For this experiment, we placed two shelters at opposite sides of the arena ( Figure 1B ). The assays were carried out in a room at 25 AE 2 C and an artificial illumination regimen (12:12 hours light:dark) controlled by a timer. At the beginning of each assay, 20 larvae of each species were released in the center of the arena. After seven days, the shelters ( Figure 1C) were carefully removed and the number of insects of each species inside each shelter was recorded. Twelve assays were performed under these conditions.
Experiment 2. This experiment tested whether previous presence of insects from one species inside a shelter would affect its suitability for insects of the other species. The same arena ( Figure 1B ) used in the previous experimental series was subjected to identical manipulation and environmental conditions. Twenty larvae of one of the species were first released in the center of the arena. After four days, 20 larvae of the other species were released in the center of arena and in the middle of the light phase. The experiment was then continued for three additional days. After the seventh day, shelters were carefully removed and the number of insects of each species found inside each shelter was recorded. Under these conditions, insects that were initially released could occupy both shelters, whereas insects from the second species would find these shelters already in use. Two experimental series with eight replicates each were performed: 1) with P. megistus or 2) with T. infestans released in the first place.
To better analyze the results obtained in this experiment, we developed a new experimental series based on the sequential release of two groups of P. megistus larvae. Our goal was to analyze whether the distribution pattern observed for P. megistus in this experimental series was similar to the one observed when it was released after T. infestans. We thus performed eight assays in which two groups of 20 P. megistus were released sequentially in the arena ( Figure 1B ) under the same conditions in which one species was released before or after the other species. First, 20 larvae of P. megistus were released. After three days, another group of 20 insects of the same species was released in the arena. The last group was discriminated by marking one of the back legs of the insects with yellow, non-toxic, acrylic ink (Azo Pigment; Alba, Buenos Aires, Argentina).
Control assays. As a control for this experiment, we developed assays in which the distribution of insects of each of the species in both shelters was studied separately. For each assay, 20 larvae of one of the species were released in the arena ( Figure 1B) , thus keeping the same conditions of the preceding experiment. After seven days, the number of insects found inside each shelter was recorded. This series of assays was performed to compare the distribution of insects with that observed when larvae of both species were tested together. We performed eight replicates for each species.
Statistical analysis. To compare the distribution of insects in shelters between the distinct experimental series, four treatments were considered for each species: 1) isolated in the arena (control); 2) simultaneously released with the other species (experiment 1); 3) released before the other species (experiment 2); and 4) released after the other species (experiment 2). For P. megistus, a fifth treatment was included in the analysis: 5) released in two phases (experiment 2). The distribution of insects in both shelters was considered for statistical analysis as the absolute difference between the number of insects in shelter 1 and the number of insects in shelter 2. For T. infestans, the mean difference between the four treatments was analyzed by using one-way ANOVA, followed by Tukey's multiple comparisons. Data for P. megistus did not meet the assumptions required for performing an ANOVA. Therefore, the Kruskal-Wallis test was first performed and followed by Dunn's multiple comparisons.
The absolute difference between the number of insects in shelter 1 and shelter 2 was also used to compare the distribution of T. infestans and P. megistus in both shelters when insects of these species cohabited in the arena (treatments 2, 3, and 4). For each treatment, the mean difference was compared for the two species by means of t-tests for independent samples. In those cases that did not meet the assumptions for a t-test, the Mann-Whitney test was performed. The mean number of insects outside shelters among different treatments was compared by using the Kruskal-Wallis test, followed by Dunn's multiple comparisons.
RESULTS
Effect of insect density. We analyzed how insect density affects the proportion of P. megistus or T. infestans that remain outside shelters. Variation in the proportion of insects found outside the shelter when increasing numbers of insects were released in the arena is shown in Figure 2 . Panstrongylus megistus showed a global stronger tendency to remain outside the shelter than T. infestans (Figure 2 ). This finding was observed even at the lowest density, for which 9% of the insects of this species were found outside the shelter (Figure 2 ). The proportion of insects found outside the shelter was Figure 2 . Effect of the density of insects on the mean proportion of Triatoma infestans and Panstrongylus megistus larvae found outside shelters. significantly higher for P. megistus (P < 0.001, by t-test) at all densities tested. Conversely, few T. infestans were found outside the shelter at most of the densities tested.
Density of insects had significant influence on the proportion of insects that remained outside shelters for T. infestans (ANOVA density effect, P < 0.001) and P. megistus (KruskalWallis test density effect, P < 0.001). We observed that T. infestans (Figure 2) only showed a significant effect of density on its behavior when 80 or 100 insects were released in the arena (P < 0.001, by Tukey's multiple comparisons). Panstrongylus megistus (Figure 2) showed a significant increase in the proportion of insects found outside the shelter between the densities of 40 and 80 insects (P < 0.01, by Dunn's multiple comparisons) and between 80 insects and 100 insects (P < 0.001, by Dunn's multiple comparisons). Finally, the effect of density was significantly different between the two species (ANOVA species effect, P < 0.001), with P. megistus showing a larger propensity to respond to high-density environments by avoiding crowded shelters, even at lower density levels.
Effect of illumination. We analyzed how the presence or absence of a light cycle affects the use of shelters by P. megistus and T. infestans, respectively. The proportion of insects found outside the shelter when T. infestans and P. megistus were subjected to a light cycle or kept under constant darkness is shown in Figure 3 . The mean number of insects found outside the shelter under a light cycle regimen (Figure 3 ) was significantly lower than that under constant darkness for P. megistus (P < 0.01, by t-test) and T. infestans (P < 0.0001, by t-test). No significant difference was observed in the behavior of P. megistus and T. infestans under constant darkness (Figure 3) . However, the mean number of insects observed outside the shelter under a light cycle (Figure 3 ) was significantly higher for P. megistus than for T. infestans (P < 0.05, by t-test).
Aggregation or repellence between T. infestans and P. megistus. We evaluated whether P. megistus and T. infestans aggregate randomly inside shelters or if any repellence processes occur when insects of these species interact. Data from control assays, in which insects from both species were studied separately, showed that the distribution of T. infestans ( Figure 4A ) or P. megistus ( Figure 5A ) was homogeneous, given that approximately 50% of the insects were found in each shelter. Generally, approximately 10% of P. megistus larvae did not enter shelters ( Figure 5A ). For T. infestans, this tendency was not observed, and 100% of insects were found inside shelters in all control assays ( Figure 4A ).
This distribution pattern was not modified when insects from both species were released together in the arena over a seven-day period. In this case, approximately 50% of insects of each species were found inside each shelter ( Figures 4B and  5B ). Under this treatment, approximately 10% of P. megistus . Mean number of Panstrongylus megistus larvae found inside shelter 1 and shelter 2, and outside shelters when P. megistus was released alone in the arena (A); P. megistus was released simultaneously with Triatoma infestans (B); P. megistus was released before T. infestans (C); P. megistus was released after T. infestans (D); and P. megistus was released in two phases into the arena (E). Horizontal line indicates expected random distribution (50%) of insects between the two shelters. Error bars indicate SE. larvae stayed outside shelters ( Figure 5B) , and no T. infestans was found outside shelters ( Figure 4B ).
When P. megistus larvae were released first ( Figure 5C ) and T. infestans larvae were released three days later ( Figure 4D ), both species distributed randomly and approximately 50% of the insects were found inside each shelter. Virtually no T. infestans larvae were found outside shelters ( Figure 4D) , and nearly 10% of P. megistus larvae remained outside shelters ( Figure 5C ) at the end of these assays.
When T. infestans larvae were released first ( Figure 4C ) and P. megistus larvae were released three days later ( Figure 5D ), both species distributed randomly between shelters ( Figures 4C and 5D) . However, the proportion of P. megistus larvae found outside shelters was higher and represented approximately 40% of the insects ( Figure 5D ).
There was no significant difference in the distribution of insects between shelter 1 and shelter 2 ( Figure 1B and 5B) (P not significant, by t-test), or P. megistus ( Figures 4D and 5C ) (P not significant, by t-test) or T. infestans larvae were released first ( Figures 4C and 5D ) (P not significant, by Mann-Whitney test).
Triatoma infestans (Figure 4 ) did not show significant differences in the mean number of insects found outside shelters for any of the treatments (Kruskal-Wallis test treatment effect, P not significant). Conversely, when P. megistus larvae were released in the arena second, the number of insects of this species found outside shelters was significantly higher ( Figure 5D ) (Dunn's multiple comparisons, P < 0.0001) than in the other three treatments (Figure 5A-C) . The mean number of P. megistus larvae found outside shelters was not significantly different for treatments 1, 2, and 3 ( Figure 5A -C) (Dunn's multiple comparisons, P not significant).
When two groups of 20 P. megistus were released sequentially in the arena, the mean number of insects found outside shelters that belonged to the group released later was not significantly different ( Figure 5E ) (Dunn's multiple comparisons, P not significant) from the one observed when P. megistus were released after T. infestans ( Figure 5D ). The mean number of P. megistus outside shelters when released in two phases into the arena was significantly different only from treatment 3 ( Figure 5C and E) (Dunn's multiple comparisons, P < 0.01), but was not different for any other treatment.
DISCUSSION
The present study demonstrates that P. megistus and T. infestans present species-specific profiles of shelter exploitation, which are differentially affected by insect density and environmental illumination. Despite these differentiated patterns of shelter exploitation, we found that these species aggregate randomly inside shelters, without any apparent repellence or segregation process.
The effect of insect density on the behavior of P. megistus and T. infestans. Our data indicate that insect density influences the proportion of insects of both species that enter and remain inside a shelter. The comparison between them indicates that a significantly higher proportion of P. megistus was found outside shelters than T. infestans at all densities tested. Furthermore, the effect of an increase in density was significantly stronger on P. megistus (Figure 2 ) than on T. infestans.
The proportion of larvae of T. infestans that remained outside shelters was null or extremely low at almost all densities tested (Figure 2 ). This proportion was significantly higher only at the highest density tested (Figure 2) , suggesting that T. infestans expressed a change in their behavior only when the maximum capacity of the shelter was attained. Consequently, the maximum number of larvae of T. infestans that apparently fit inside a shelter under our experimental paradigm would vary between 80 and 100 insects (Figure 2) . Some P. megistus larvae remained outside shelters even at the lowest densities (Figure 2 ), suggesting that this behavioral pattern is characteristic of the species. The density range between 80 and 100 insects also seems to be critical for P. megistus because the most abrupt alteration in the proportion of P. megistus that remained outside shelters was observed in that density interval (Figure 2 ). This variation is probably related to the same critical reason suggested for T. infestans: this appears to be the maximum number of insects that fit inside these shelters. However, P. megistus also showed a significant alteration of their behavior between the densities of 40 and 80 insects (Figure 2) . Thus, the influence of density on the behavior of P. megistus can be perceived at a lower interval than of T. infestans (Figure 2) .
The difference observed between the two species might be caused by a lower tolerance to high insect density in P. megistus. An alternative explanation would be that the maximum number of P. megistus that fit inside a shelter is lower than that of T. infestans. This explanation could be caused by a size difference, a variation in the intensity of thigmotaxis between these species, or both. In the second instance, T. infestans would show stronger thigmotaxis and consequently, it would tend to aggregate more tightly than P. megistus inside shelters. A small proportion of P. megistus always remained outside shelters, suggesting that this species has a weaker motivation to seek refuge. Therefore, any feature that can make a shelter less attractive, as the increase of density, might promote rejection of that shelter by insects of this species.
A previous study 24 investigated the connection between blood meal size obtained under different insect density conditions on non-anesthetized hosts for P. megistus and T. infestans. The authors observed a negative relationship between insect density and increase in body weight. Consequently, they proposed that higher insect densities promote lower weight gains through feeding. However, this effect was more evident for P. megistus than for T. infestans. These data and our results about the relationship between insect density and the use of shelters suggest that P. megistus is more sensitive to high insect densities than T. infestans. Therefore, T. infestans may tolerate development of larger colonies than P. megistus. This hypothesis could help to explain why intradomestic colonies of P. megistus never reached the high density of insects observed for T. infestans, which can reach > 3,000 insects in a single home. 37 The effect of illumination and darkness on the behavior of P. megistus and T. infestans. The proportion of insects that remained outside shelters under a light cycle was significantly LACK OF SEGREGATION BETWEEN TWO CHAGAS DISEASE VECTORS lower than under permanent darkness for P. megistus and T. infestans (Figure 3 ). This result confirms that the negative phototaxis of these insects has a strong influence on their motivation for seeking shelter. The intense photonegative sensitivity of T. infestans has already been demonstrated in several studies. 30, 31, 38 Under natural conditions of illumination, T. infestans shows a negative phototactic response to white light that seems to be mainly caused by the green component of that light. 38 The negative phototactic response of T. infestans increases as light intensity increases. 30 Moreover, this response changes along the daily cycle because insects show a more intense light avoidance during the scotophase. 30 This variation in photonegative sensitivity is under circadian control, suggesting an important adaptive role of this behavior. 30, 31, 38 Our results showed an apparent difference in the intensity of the negative phototactic response of P. megistus and T. infestans, suggesting that the sensitivity of P. megistus is lower. A significantly higher number of P. megistus than T. infestans were found outside shelters under a light cycle (Figure 3) . However, when exposed to constant darkness, the proportion of insects of both species found outside shelters did not vary significantly. This finding suggests that negative phototaxis may be a factor responsible for the difference observed when both species were exposed to a light cycle (Figure 3) . The circadian control of the phototactic response of T. infestans is modulated by the migration of visual pigments inside the retinulla of these insects. 32 Therefore, the study of the morphology and physiology of the visual organs of P. megistus may shed some light on our understanding of the mechanisms underlying the different phototactic responses of these species.
The pattern of distribution of P. megistus and T. infestans among shelters. Beyond the comparative evaluation of how density and illumination modulate the use of shelters by each species, an essential feature evaluated was the pattern of distribution of each species in arenas that offer two alternative shelters. By determining these intra-specific distribution patterns ( Figures 4A and 5A ), we could subsequently evaluate whether a change was induced when both species were released together. We found that both species tend to distribute homogeneously between the two available shelters, i.e., approximately 50% of the insects remained in each shelter when both species were released alone ( Figures 4A and 5A ). This experiment demonstrated that triatomines do not gather in unique assemblies, but aggregate in evenly split groups when possible. Because triatomines show a typical aggregation behavior characterized by a tendency to remain grouped inside shelters, 33, 39 it would not be surprising if even in the presence of two available shelters insects only occupied one of them. However, we observed exactly the opposite for both species studied (Figures 4A and 5A) . Additionally, our findings suggest that this tendency to distribute evenly between available shelters is independent of density. Insects occupied shelters in equal proportions, even at the lowest density of 20 insects. Therefore, this behavior might have relevant epidemiologic consequences because we can expect that an infested household may present sub-colonies occupying diverse refuges, making their elimination more difficult. This observation confirms the relevance of spraying every part of infested domiciliary units with insecticide, even if a single insect is detected.
We found approximately 10% of P. megistus outside shelters when tested alone in the arena ( Figure 5A ). Conversely, all T. infestans were found inside shelters when only insects of this species were released ( Figure 4A ). These results are consistent with those obtained studying the effect of density on the use of shelters (Figure 2 ) and the effect of illumination (Figure 3) . Differences in the intensity of the negative phototaxis of P. megistus and T. infestans (Figure 3) help to explain the higher proportion of P. megistus that remained outside shelters. This pattern of shelter use might facilitate detection of P. megistus either by house residents or by control guards. However, because T. infestans hardly leaves shelters during daylight hours, it hides better, impairing detection. Moreover, our results confirm that detection would be density-dependent in both cases, with higher densities yielding a larger number of insects roaming outside shelters.
The interaction between P. megistus and T. infestans inside shelters. The central objective of the present work was to clarify whether P. megistus and T. infestans aggregate randomly inside shelters or actively repel each other. Our results indicated that insects of both species promptly use the same shelter simultaneously, even when two shelters are available. When released together, insects of both species distributed homogeneously among the shelters ( Figures 4B and 5B ). This distribution pattern is basically the same observed when each species is released alone, evincing no apparent modification of insect behavior in either case ( Figures 4A and 5A ). Therefore, no mutual repellence 27 seems to exist between these species, given that the presence of one species had no apparent effect on the distribution of the other. An indication of inter-specific repellence would exist if insects of the two different species occupied different shelters, or if one species occupied both shelters while the other remained outside. Our findings directly contradict previous reports of repellence between P. megistus and T. infestans.
27
In agreement with the low specificity reported for aggregation signals of triatomines, which has been demonstrated for different triatomine species by diverse authors, our results suggest that these two species tend to cross-aggregate. 29, [40] [41] [42] It was previously demonstrated that P. megistus and T. infestans show cross-aggregation responses to chemical signals from feces and cuticle of the other species. 29 In other taxa of Hemiptera, intra-specific and inter-specific aggregation responses were also demonstrated. Six different species of pentatomids (Hemiptera: Pentatomidae) showed a similar behavioral pattern in the presence of aggregation signals. 43 When first instar larvae were placed together in a circular arena, inter-specific aggregation responses apparently mediated by common chemical compounds occurred. 43 Interestingly, T. infestans did not have its distribution pattern modified after being released in an arena previously occupied by P. megistus ( Figures 4D and 5C ), suggesting that the previous presence of P. megistus does not affect the behavior of T. infestans. Coincidently, when T. infestans was released initially, the behavior of P. megistus was similar ( Figure 4C ). In spite of this finding we observed an abrupt increase in the number of P. megistus that remained outside shelters ( Figure 5D ).
To understand these results, we evaluated whether the increase of P. megistus found outside shelters was caused by T. infestans inside shelters or by previous colonization of shelters ( Figure 5E ). When two groups of P. megistus were released sequentially in the arena, an equivalent increase of insects remained outside shelters ( Figure 5E ). Therefore, P. megistus seems to prefer unexploited shelters than shelters previously colonized by other insects of the same species. The corresponding results lead us to suggest that P. megistus larvae change their distribution pattern because of an increase in density inside shelters and not because of interspecific repellence.
Similar density-dependent behavioral patterns were demonstrated in Blattella germanica (Dictyoptera: Blattellidae), which show a remarkable evolutionary convergence with triatomines concerning the use of chemical aggregation signals inside shelters. [44] [45] [46] [47] [48] As for triatomines, aggregation signals of B. germanica induce aggregation responses. However, when high densities of insects are used for impregnating filter papers used as aggregation stimuli, B. germanica tend to avoid them and disperse after contacting the papers. 44 Our results, together with inter-specific aggregation mediated by chemical signals, 29 support the hypothesis that the spatial isolation between P. megistus and T. infestans is not mediated by visual and/or chemical signals. We further conclude that there is no repellence mediating interactions between these species. Additionally, simultaneous colonization of human households by P. megistus and T. infestans has been reported. 18 It would be highly improbable if they repelled each other, as suggested. 27 Dias 18 reported that during 1943-1953, 877 domiciles with mixed infestations of P. megistus and T. infestans were identified in Brazil. Thus, the spatial isolation observed for these species 5, 7, [20] [21] [22] [23] 49 is probably caused by competition processes. 5, 24, 26, 50 Differences in dispersal rates may represent an additional dimension that could interfere in the house infestation capacity of these species. Although T. infestans and P. megistus are known to promptly initiate flight, 51, 52 further studies would be necessary to analyze whether differences in flight capacity between them could be related to distinct dispersal rates and spatial distribution. It has also been found that P. megistus is more sensible to temperature shocks than T. infestans, and shows stronger effects after abrupt variations of temperature on ecdysis and survival 53, 54 and that P. megistus is much more susceptible than T. infestans to deltamethrin, a piretroid insecticide. 51 Deltamethrin, even at sub-lethal doses, may inhibit re-colonization of households by P. megistus from sylvatic ecotopes. 51 Our results, and those of other reports, 5, 24, 37, 51 reinforce the notion that T. infestans is better pre-adapted for exploiting domiciliary ecotopes than P. megistus. The study of vector behavior can provide innovative strategies for epidemiologic surveillance and control of tropical infections such as Chagas disease. In this framework, T. infestans and P. megistus stand out because of their high potential as Chagas disease vectors in Latin America. In regard to shelter exploitation, we found that P. megistus is more sensitive to insect density than T. infestans, whereas T. infestans shows higher sensitivity to illumination than P. megistus. When placed together in a same artificial environment, we found no apparent repellence between these two species, as suggested. 27 These findings do not rule out the possibility that competition processes [24] [25] [26] 37, 51 between these species may be responsible for their segregation in nature.
For many decades, control of Chagas disease has been based on detecting vectors in human households and spraying insecticides thereafter. However, little is known about how different species of Chagas disease vectors search and exploit potential shelters and how they interact when cohabiting the same domestic environment. The present study provides an important contribution to our understanding of the joint and distinct shelter exploitation patterns of T. infestans and P. megistus. Therefore, our findings might aid development of control strategies better adapted to each species.
